Anaerobic conditions were employed to study the relationship between membrane potential and chemotaxis in Spirochaeta aurantia. When cells were grown anaerobically and suspended in anaerobic potassium phosphate buffer (pH 5.5 
Bacterial chemotaxis involves the functioning of a multicomponent sensory response system that links specific chemoreceptors to the organelles of motility. Environmental stimuli interact with specific chemoreceptors directly. Information from different chemoreceptors is integrated, and a signal is next transduced to the organelle of motility. The sensory signal serves to alter the motor function of the motility apparatus so as to modify behavior (2, 3, 17, 22, 24, 25, 33) .
Tlhe sensory signal is the least understood component of tactic responses. In fact, the signaling event has been the subject of considerable controversy and confusion (4-7, 10, 12-14, 27, 28, 31-33, 36, 38) . Recent publications (9, 10) have described experiments which capitalized on certain physiological traits of metabolizing Spirochaeta aurantia cells to study the nature of the signal. It was first established (9) that the motility of S. aurantia is supported by a proton motive force (Ap). The Ap consists of two components, the transmembrane electrical potential (At) and the transmembrane pH gradient (ApH), as indicated by the equation Ap = ATZApH, where Z is the factor used to convert pH to millivolts (15, 29, 30) . At low levels of At, a ApH can support motility of S. aurantia and vice versa (9, 10) . The At component has also been implicated in S. aurantia chemotaxis (10 The purpose of this investigation was to separate the voltage-clamping effect of valinomycin from any dissipation in At and then to determine which of these two effects inhibits S. aurantia chemotaxis.
MATERUILS AND METHODS Bacterial strain and growth media. The organism used was S. aurantia Ml (8) . The medium for aerobic culture contained 0.2 g of D-glucose, 0.5 g of Trypticase (BBL Microbiology Systems, Cockeysville, Md.), and 0.2 g of yeast extract (Difco Laboratories, Detroit, Mich.) per 100 ml of deionized water. After the pH was adjusted to 7.5 with KOH, the medium was autoclaved. For the anaerobic culture of S. aurantia, resazurin (final concentration, 0.1 mg per 100 ml) was included in the medium described above as a redox potential indicator. After pH adjustment, the medium was prereduced and dispensed by techniques ROLE OF At IN SPIROCHETAL CHEMOTAXIS described elsewhere (18, 37) into anaerobic culture tubes (Hungate type; Bellco Glass, Inc., Vineland, N.J.) containing an atmosphere of nitrogen. The medium was subsequently autoclaved. The medium used for colony counts consisted of the aerobic culture medium plus 0.75% Bacto-Agar (Difco).
Culture conditions. Unless otherwise indicated, aerobic cultures were grown at 30°C and harvested in the late logarithmic phase as described elsewhere (10) . Anaerobic cultures also were grown in 5-ml volumes at 30°C and harvested in the late logarithmic phase (culture density, 1.5 x 108 to 2.0 x 108 cells per ml). Cells from anaerobic cultures were harvested in an atmosphere of nitrogen plus ca. 1% hydrogen in an anaerobic glove box (Coy Inc., Ann Arbor, Mich.) by centrifugation at 1,000 x g for 10 min at 25°C. Inocula (0.2 ml) for the anaerobic cultures were from similar 5-ml anaerobic cultures that had been incubated for 42 h.
Preparation of cell suspensions. Cells harvested from 5 ml of aerobic cultures were suspended in phosphate buffer (10 mM potassium or sodium phosphate as indicated plus 5 mM D-glucose and 200 ,uM L-cysteine, pH 5.5) to a density of approximately 1.5 x 108 cells per ml for use in studies of chemotaxis and membrane potential under aerobic conditions. For studies of chemotaxis and membrane potential under anaerobic conditions, cells were harvested from anaerobic cultures and suspended in anaerobic phosphate buffer to a density of approximately 1.5 x 108 cells per ml within the anaerobic glove box. Anaerobic phosphate buffer consisted of phosphate buffer as described above plus resazurin (0.1 mg/100 ml). This buffer was prereduced and stored under nitrogen by the techniques of Hungate (18) before being placed in the anaerobic glove box.
Chemotaxis assays. For measuring chemotaxis of aerobic S. aurantia cells, a quantitative capillary assay similar to that described by Greenberg and CanaleParola (11) was employed. This assay is based on the chemotaxis assay originally developed by Adler (1). Assays were carried out at 25°C for 20 min (10). A similar procedure was used to measure chemotaxis under anaerobic conditions, but this procedure employed anaerobically grown and harvested cells that had been suspended in anaerobic sodium or potassium phosphate buffer as indicated. These assays were performed in the anaerobic glove box. After chemotaxis assays under anaerobic conditions, capillaries were removed from the glove box, and the number of bacteria that had entered a capillary during the assay was determined by plate counts in an air atmosphere (10, 11) . The exposure to air decreased plating efficiency slightly (about 25%) as compared with plating and incubation in the anaerobic glove box.
Detection and monitoring of the membrane potential. Previously described techniques (9, 10) that employ the cationic lipophilic carbocyanine dye 3,3'-dipropyl-2,2'-thiodicarbocyanine iodide [Di-S-C3(5)] were used to monitor the A'I in aerobic metabolizing cells of S. aurantia. Di-S-C3(5) was added to cell suspensions (final concentration, 0.5 ,uM), and fluorescence intensity at 670 nm was monitored with a Perkin-Elmer model 203 fluorescence spectrophotometer equipped with a strip chart recorder. Excitation was at 630 nm.
The bacterial suspensions (2.5 ml) were continuously stirred within the cuvettes as measurements were made. In all cases, additions were made without interrupting fluorescence measurements, and the total volume added was 50 p.J or less.
A modification of the technique described above was used to monitor A'T in anaerobic metabolizing cells of S. aurantia. To maintain anaerobiosis, anaerobic cell suspensions and Di-S-C3(5) were added to cuvettes in the anaerobic glove box, and the cuvettes were fitted with rubber stoppers before transfer from the glove box to the fluorimeter. For some experiments it was necessary to add solutions to the cell suspensions after cuvettes had been removed from the anaerobic glove box and fluorescence measurements had been initiated. This was accomplished by filling a glass syringe with the appropriate solution inside the glove box and implanting the syringe needle through the rubber stopper in the cuvette before removal from the glove box. The solutions could then be added by injection to the cell suspensions outside of the glove box with a minimum of atmospheric contamination. Di-S-C3(5) distributes across biological membranes in response to At, intracellular concentrations increasing as A'T increases (cell interior negative). Uptake of this dye results in fluorescence quenching (26, 39) . Thus, the At! of S. aurantia was followed by monitoring Di-S-C3(5) fluorescence. Aerobic metabolizing cells were utilized to construct calibration curves relating At and fluorescence intensity at different potassium chloride concentrations in the presence of valinomycin, and At was calculated from the Nernst equation (26) .
Chemicals. Valinomycin, resazurin, and sugars were purchased from Sigma Chemical Co., St. Louis, Mo. Di-S-C3(5) was a gift from A. Waggoner, Amherst College, Amherst, Mass. Valinomycin and Di-S-C3 (5) were dissolved in methanol, and in cell suspensions containing these chemicals the methanol concentration did not exceed 0.1%. This concentration of methanol did not affect the At or chemotaxis of S. aurantia. Aqueous solutions of other chemicals were used.
RESULTS
Membrane potential in anaerobic cells of S. aurantia. Kashket (19) Valinomycin conducts potassium ions across biological membranes (16, 34) and thus dissipates and clamps At but not ApH in metabolizing aerobic cells of S. aurantia in potassium phosphate buffer (9, 10). Presumably, valinomycin can conduct potassium ions across membranes in anaerobic S. aurantia cells, and with the At in such cells already at ca. 0 mV, valinomycin and potassium might serve to clamp At in anaerobic cells. In fact, the transient membrane polarization of anaerobic cells in potassium phosphate buffer that was described above (Fig. 1A and B) was blocked by valinomycin (Fig. 1C) .
Other Chemotaxis in anaerobic cells of S. aurantia. Once it had been demonstrated that At in anaerobic cells was below the detectability limit of the dye fluorescence technique, it was of interest to determine whether anaerobic cells were chemotactic. Cells from anaerobic cultures of S. aurantia exhibited D-xylose taxis in the anoxic environment of the glove box (Table 1) . When D-xylose was provided in both the capillary and the bacterial suspensions at equal concentrations, the accumulation of S. aurantia in the capillary was within the range observed in the absence of D-xylose (Table 1) . Thus, the cells responded to a concentration gradient of Dxylose and not to a stimulation of anaerobic cell motility in the presence of D-xylose.
Effect of valinomycin on chemotaxis in anaerobic cells. Chemotaxis of anaerobic cells in potassium phosphate buffer was severely inhibited by valinomycin (Table 1) Conceivably, a change in the level of any one of these components (Ap, At, or ApH) could serve to alter the motor function of the motility apparatus. In fact, it has been reported that the behavior offlagellated bacteria can be altered by changes in Ap (20, 23, 28) . Changes of internal pH also modify behavior, but existing evidence indicates that these pH changes do not affect flagellar motors directly (21, 35) .
Valinomycin severely inhibited chemotaxis in anaerobic suspensions of S. aurantia in potassium phosphate buffer ( Table 1 ). The presence of valinomycin did not dissipate At but did serve to clamp A'T at the preexisting negligible level in anaerobic cells (Fig. 1 ). An obvious conclusion is that valinomycin inhibits chemotaxis of S. aurantia by exerting a clamping effect on At, not by dissipating At. This information supports the hypothesis that transient changes in At resulting from the addition of attractants are involved in the chemotactic response of S. aurantia. It remains unclear, however, whether the previously reported (10) transient changes in the At of aerobic cells elicited by chemoattractants are a component of the sensory response system of S. aurantia.
The previous studies of Kashket (19) demonstrated that during anaerobic growth of certain gram-negative, facultative anaerobes, Ap is entirely in the form of ApH. The present report is consistent with these conclusions and extends and strengthens the evidence. A different gramnegative facultative anaerobe was employed (in a different order, Spirochaetales), cell suspensions rather than growing cultures were studied, and the technique for monitoring At was different from that used previously.
Attempts to apply a voltage clamp without dissipating At in aerobic metabolizing cells of S. aurantia were unsuccessful. One of the unsuccessful approaches, however, led to the demonstration that cells harvested from early logarithmic phase cultures were insensitive to valinomycin, unlike cells harvested from late logarithmic phase cultures. The reasons for this are unknown, but one possibility is that outer membranes of cells in early logarithmic phase cultures excluded valinomycin (outer membranes of other gram-negative bacteria such as E. coli exclude valinomycin), and as cultures entered the late logarithmic phase, the outer membranes were modified so as to allow valinomycin to enter.
The present report considered together with a previous publication (10) provides substantial evidence that an electrical signal is a component of the chemosensory apparatus of S. aurantia. To understand the nature of this electrical involvement better, it will be necessary to examine specific ion fluxes, ion channels, and electrogenic gating mechanisms during chemotaxis of S. aurantia.
